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1 Abstract

Objectives:

Current interventions in the management of vocal fold (VF) dysfunction focus on conservative and
surgical approaches. However, the complex structure and precise biomechanical properties of the
human VF mean that these strategies have their limitations in clinical practice, and in some cases
offer inadequate levels of success. Regenerative medicine is an exciting development in this field

and has the potential to further enhance VF recovery beyond conventional treatments.

Our aim in this review is to discuss advances in the field of regenerative medicine; that is, advances
in the process of replacing, engineering or regenerating the VF through the utilization of stem cells,

with the intention of restoring normal VF structure and function.

Data sources: English literature (1946-2015) review.

Review Methods: We conducted a systematic review of MEDLINE for cases and studies of VF

tissue engineering utilizing stem cells.

Results and conclusions:

The three main approaches by which regenerative medicine is currently applied to VF regeneration
include cell therapy, scaffold development and the utilization of growth factors. Exciting advances

have been made in stem cell biology in recent years including use of induced pluripotent stem cells.

We expect such advances to be translated into the field in the forthcoming years.
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2 Introduction

Regenerative medicine deals with the process of replacing, engineering or regenerating human
tissues with the aim of establishing normal function. Research in this field has been ongoing and
successful in many different fields; it is felt that this is now the most promising approach in the

treatment, or replacement, of failing tissues and organs™?.

Developments in the studies of VF reconstruction are gaining momentum and significantly
improving our understanding of the microstructure and physiology of the VVF>. This review will
focus on the current regenerative medicine approaches used in VF reconstruction. We aim to
discuss the therapies in use and under development, and summarize the ways in which the function

of the VF is being most successfully restored.

2.1 Unmet clinical need for VF restoration

Loss of the laryngeal function resulting from VVF dysfunction can occur secondary to a number of
causes, most notably traumatic, neurological and neoplastic®. VF scarring is the commonest cause
of poor voice following VF injury, and can be identified by the fibrotic conversion of the native
extracellular matrix (ECM)°. Scar tissue in the superficial lamina propria (SLP) changes the tissue
biomechanics of the VVF as a result of increased stiffness and reduced viscosity®, and results in a

disruption of the normal mucosal wave during phonation leading to altered voice quality*”®.

The negative effects, in terms of social interaction and performance at work of VF dysfunction, are
frequently overlooked®. VVoice disorders significantly affect psychosocial and physical
functioning™. As many as 76% of patients with voice disorders are concerned about their place of
employment and potential for promotion, compared to 19% of controls''. The management of
disorders of the VFs therefore carries with it high expectations, along with associated social and

professional demands*2.

Although surgical procedures are capable of repairing the current injury, they are unable to restore a
native ECM composition with the necessary biomechanical properties to ensure good voice and
protection against future stimuli (e.g. voice misuse and chemical irritants)™. Furthermore, in the
management of glottic insufficiency, although VF augmentation has become popular, at present,
I**, To restore normal VVF function, the innate biomechanical
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properties must be restored to mimic the viscoelasticity of healthy VF tissue (Figure 1). The vocal
mucosa, consisting of epithelium and SLP, is the most common site for injury and scarring (Table
1). As such, it is the target for the majority of bioengineered constructs of the larynx™.

Figure 1
Schematic diagram illustrating the various layers that comprise the vocal cord tissue

micro-architecture.

Table 1

Different layers comprising vocal cord microstructure.

3 Regenerative medicine approaches

The anatomy of the VF, with its complex multilayer structure (Figure 1), makes complete
restoration of the scarred or atrophied VVF challenging. Currently there is no substitute for replacing
diseased VFs. The principal aim of regenerative medicine is to restore the biochemical properties of
the native tissue, so that the extracellular matrix can be rebuilt, and the vibratory behavior and

phonatory capability of the VFs restored.

In the management of VVF scarring, therapeutic options fall within one of two main principles. The
first approach is to modify the wound healing process and overcome scar tissue formation. Studies
have shown that injection of various materials into the injured VF have the ability to alter the post-
injury inflammatory response and modify scar formation*®. Questions still exist however as to the

optimum type and timing of injection material*’

. The second approach is to provide the materials
for re-building the VF once injury has already occurred. These rely on new tissue growth as
opposed to modification of the inflammatory environment. Both of these approaches will be

discussed later in further detail.

Regeneration of VVFs requires three important elements:
o Cell therapy
e Development and implementation of a scaffold*®

e Use of growth factors®*?



In reality, these approaches are rarely mutually exclusive with considerable overlap between
them?. The combination of all three approaches is known as “tissue engineering’®’. For the
purposes of this review only the use of stem cells as applied to VVF tissue engineering will be
discussed since scaffolds and bioactive factors have been the subject of reviews elsewhere®. The
variety of materials available for use in VF regeneration is testament to the fact that the “ideal’

approach and material has yet to be found.

3.1 Stem cell therapy

The concept underlying cell therapy is that scarred, or atrophied, VFs will regenerate and rebuild
the layers of the VF, given the correct trigger to do so. The range of cells used in cell therapy for
SLP defects to date includes autologous and non-autologous mesenchymal stem cells (MSCs),
fibroblasts, myoblasts, adipose-derived stem cells (ASCs), human embryonic stem cells (hESCs)
and induced pluripotent stem cells (iPSCs) (Table 2). There are two different approaches for stem
cell therapy; either stimulation of endogenous stem cell populations within the VVFs, or application
of exogenous stem cells. These two different approaches will be discussed in the following sections.

Table 2

Potential cells sources for vocal fold regeneration.

3.1.1 Stimulating endogenous stem cell populations within the VFs

Side population (SP) cells, defined as cells that have the ability to exclude the DNA binding dye
Hoechst 33342 and that contain high numbers of stem cells, have been used in the management of
injured VVFs?®. An early study, designed to investigate whether SP cells exist in the human VF,
found that they account for 0.2% of the total number of cells?®®. There is growing evidence that VVF
stellate cells found within the maculae flavae region of the VFs may include resident MSCs; the
macula flavae may therefore act as a stem cell niche promoting a favorable microenvironment

thereby nurturing this resident pool of stem cells*=".

In an attempt to investigate recruitment patterns of SP cells in the healing rat VF, unilateral VF
scarring was performed in rats and immunohistochemical analysis performed 1-35 days following
injury®. Within scarred VFs, there was a peak in the number of SP cells after 7-days, with a return

to normal pre-injury levels at 14-days. The results suggested that SP cells may play a critical role in



early VF wound healing, and might therefore have therapeutic potential in the future.

Further studies have investigated human VF fibroblasts®. This work showed, for the first time, that
these cells satisfied the definition of MSCs by possessing the appropriate cell surface markers and
differentiation potential. The similarity between ASCs, bone marrow-derived MSCs and VF
fibroblasts, indicates that they could all be useful in future therapies for VF repair and regeneration.
However, thus far, no definitive VF stem cell has been identified that satisfies the definition of true
stemness, i.e. self-renewal and multi-lineage differentiation. In addition, studies that focus on cell
surface markers do not provide definitive evidence of VF stem cell populations as we currently do
not know the exact surface markers of VF stem cells. In addition, even if cells express some
markers known to other stem cells (such as MSCs) this does not equate to them being the same cell

type.

A recent study investigated the profile of human VF fibroblasts harvested from scarred VF tissue
compared to normal VF tissue**. The phenotypic, genotypic and protein expression properties of the
VFs were examined and compared. Whilst only comparing fibroblasts from two subjects, this study
provided data suggesting that fibroblasts from scarred human VFs grow significantly slower than

normal VFs, but display similar morphological and contractile properties.

It is also increasingly recognized that the VF microenvironment itself is highly adapted to meet the
everyday requirements of phonation. In particular, the effect of vibration has been studied to
investigate whether fibroblasts and stellate cells have the ability to remodel in response to
mechanical stimulation such as that experienced in the human VF**'_This concept is being

harnessed in vitro, in devices known as bioreactors®°,

Laryngeal mucosa mesenchymal stem cells (LM-MSCs) that are capable of differentiating into
myofibroblasts or fibroblasts have been investigated to establish whether they could be used to
improve the microenvironment in VF injury*®. LM-MSCs from the canine epiglottis were
characterized and subsequently implanted into injured canine VFs. LM-MSCs+collagen were
injected intracordally and collagen alone was injected into the contralateral VVF thereby serving as a
control. Donor stem cell survival was demonstrated up to 8-weeks in vivo and cells were shown to
differentiate into both fibroblasts and myofibroblasts*®. The ability of the cells, once implanted into
the VF, to regulate ECM, block collagen and decrease the inflammatory microenvironment, was
proposed as an exciting technique that may be used to prevent VF scar formation. Such techniques

may also be harnessed in the prevention and treatment of sulci.
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3.1.2 Application of exogenous stem cells

Various cell types fall into this category including human VF fibroblasts, MSCs, ASCs, hESCs,
myoblasts and iPSCs.

VF fibroblasts produce a large proportion of the ECM and are therefore essential in supporting the
SLP throughout health and disease. They have therefore been the focus of many studies in an
attempt to improve healing of the injured VF. Autologous fibroblasts gained from oral mucosa were
first injected into the \/Fs of the canine model following full-thickness LP injury™.
Videolaryngostroboscopy was used to assess VF function; performance was significantly worse at
8-weeks post-injury, but returned to near normal at 29-weeks. Histological analysis compared the
injured to the uninjured VFs; an increased density of fibroblasts, collagen and reticulin were shown,
with decreased levels of elastin.

More recent studies comparing three biomimetic approaches on tissue regeneration and viscoelastic
properties used 20 rabbit VFs and, unlike previous studies, introduced treatment at two-months
post-injury*. VFs were unilaterally injected with autologous fibroblasts, a semi-synthetic ECM
(SECM), or autologous fibroblasts encapsulated in an SECM. The contralateral fold was injected
with a saline control. All treatment groups demonstrated accelerated proliferation of the ECM,
although the treatment group with autologous fibroblasts gave the best biomechanical outcomes.
The use of fibroblasts embedded in SECM did not yield statistically significantly results; however, it

gave better biomechanical results than the SECM-treated VF.

Unfortunately autologous VF fibroblasts, as were used in this study, remain difficult to isolate. In
addition, the use of allogenic donor VVF fibroblasts comes with the risk of immune rejection. Studies

using more accessible fibroblasts, from the gingiva or dermis, are warranted?.

MSCs are multipotent stromal cells characterized by specific cell surface markers and the potential
to differentiate along multiple mesenchymal tissue lineages®. They circulate in the peripheral blood
and have been shown to migrate to areas of injury, whereby they assist in tissue regeneration®®. A
prospective study using labeled MSCs (with Green Fluorescent Protein) was performed to better
understand the activity of MSCs and their role in VF wound healing®®. The results showed that

circulating MSCs migrate to the site of VF injury and induce an increased expression of hepatocyte
7



growth factor (HGF); that is, they play a significant role in wound healing.

In vivo trials using bone marrow-derived MSCs have demonstrated some success. Cultured
autologous bone marrow-derived MSCs were injected into the VFs of eight dogs, prior to injury.
Results demonstrated improved VF regeneration and a reduction in scar tissue formation compared

to saline control**

. A follow-up study by the same authors determined the cell fate of the implanted
MSCs, and found them to be alive, demonstrating positive expression for keratin and desmin,
thereby demonstrating that they are capable of differentiating into more than one tissue type in
vivo®. Kim et al*® investigated whether mouse bone marrow-derived clonal MSCs could promote
VF wound healing in the rabbit model, if injected immediately following direct mechanical injury.
The treatment group showed improved morphological properties and viscoelasticity compared to
the control group. Johnson et al studied the effectiveness of bone marrow-derived MSCs, either
injected alone or within a synthetic ECM, on SLP regeneration*’. The results demonstrated
superiority of combination therapy to the use of bone marrow MSCs alone, since it promoted ECM
deposition and growth factor production. Finally, human MSCs injected into both scarred rabbit
VFs and VFs following scar excision resulted in enhanced healing and restoration of viscoelastic
function*®*°. Results demonstrated improved viscoelastic properties of the VF, with fewer signs of
scarring compared to untreated VFs. The MSCs persisted for 4-weeks; a further study showed no
MSCs were evident 3-months following injection. Currently, there is an ongoing clinical trial at
Karolinska investigating the effects of autologous bone marrow-derived MSCs, with or without a
hyaluronan gel, in patients with VF scarring. The effects on voice quality and voice function are
being studied. The results will provide important information concerning the clinical effectiveness
of MSCs in the management of VF scars.

ASC transplantation into localized lesions of the VF mucosa have shown promising results®*2. In
vitro studies have demonstrated the secretion of several growth factors from ASCs that balance
collagen and hyaluronic acid (HA) levels in the ECM***%, More recently, prospective animal studies
have been carried out comparing the therapeutic potential of ASCs versus MSCs when locally
injected into injured rat VFs>*. Histological and immunohistochemical results showed that VFs
treated with either ASCs or MSCs had comparable regenerative outcomes. However it was
concluded that since ASC infiltration resulted in a significant increase in HA, an improved anti-
fibrotic effect and a more pronounced upregulation of HGF, ASCs might be superior. One such
system for harvesting ASCs is the Lipogems device®. Direct studies comparing the Lipogems™
device (or similar systems that retain high yields of MSCs and ASCs) to conventional fat injection
techniques for VF medialization are required.



ASCs embedded within HA/alginate hydrogels and injected into VVFs immediately following injury
revealed that ASCs injected within a hydrogel carrier produced more favorable changes than
injection of ASCs alone®®. In particular, it prevented excess deposition of type I collagen, increased
HGF activity and improved VF viscoelastic properties. In conclusion, the hydrogel prolonged the

retention time of the ASCs and promoted better VF wound healing.

Alternative paradigms have examined the role of hESCs in the prevention of VF scarring. One such
study injected hESCs into 22 scarred rabbit VFs®’. Results revealed significantly improved VF
viscoelasticity compared to non-treated VVFs. In addition, hESC-derived cells were identified within
regenerating tissue and in close proximity to, or intermixed with, native tissue. These findings

provide some evidence that hESCs are capable of regenerating VF tissue.

Whereas treatments discussed so far have focused on restoring the anatomical structure of VVF SLP,
myoblasts have the potential to restore dynamic function. Thus, autologous myoblasts have been
injected into denervated rat thyroarytenoid muscles®®. At two-months there was evidence of fusion
of myoblasts with thyroarytenoid myofibers and in two specimens adductor motion was seen. The
same group subsequently injected myoblasts into the denervated larynx of 20 rats, using one of four
adjuvant therapies®. Analysis performed one-month later showed extensive stem cell survival, with
fusion of cells with denervated myofibers. A further study by the same group investigated whether
neurotrophic-factor secreting myoblasts could be used to selectively direct and promote re-
innervation of certain laryngeal muscles following recurrent laryngeal nerve injury®®. Results
showed that ciliary neurotrophic factor strongly promoted myoblast survival and reinnervation of
the denervated thyroarytenoid myofibers. Such a technique may further improve the
microenvironment and help direct reinnervation. Recent studies have also demonstrated that bone
marrow-derived MSCs can lead to the regeneration of functional laryngeal muscle leading to
enhanced functional recovery of VF motion®".

Finally, iPSCs, discovered in 2006%, are gradually permeating into the field of VVF regeneration®.
iPS cells were shown capable of differentiating into non-keratinizing stratified squamous epithelial
cells that may be utilized in future for VVF tissue engineering®®. The advantages of iPS are the large
numbers of cells that may be generated from this technique. Direct reprogramming approaches may

also have a role in the future®*.



4 Conclusions

This aim of this article was to discuss the approaches for VVF reconstruction using regenerative
medicine techniques. The wide variety of approaches described here is testament to the fact that this

is still a very active area of research, and one that is rapidly expanding.

Numerous pre-clinical animal studies have shown promising results. However, the majority have
been performed on the acutely injured VF. Treatment of established VF scarring is a different entity
to preventing scar formation and further work should reflect this. In addition to this, there needs to
be clinical translation to patients, with significant numbers and controls in order to gain reliable
results. The structure of the human SLP is unique to humans, and clinical trials are therefore
required in order to ascertain the efficacy of various interventions. Tissue biomechanics is the most
meaningful outcome in the assessment of VF function in such trials, since this viscoelasticity will

affect voice quality and patient outcome.

Research is ongoing in this field, and the development of new models and techniques in the

management of VF reconstruction will continue to excite and aid progress in this field.

10



5 Acknowledgements

This work was supported by Academy of Medical Sciences and Medical Research Council research
grants to JMF (MRC grant G1100397).

11



6

10.

11.

12.

13.

14.

References

Fishman JM, Wiles K, Lowdell MWet al. Airway tissue engineering: an update. Expert Opin Biol Ther 2014;
14:1477-1491.

Baiguera S, Urbani L. Tissue Engineered Scaffolds for an Effective Healing and Regeneration: Reviewing
Orthotopic Studies. Biomed Res Int 2014:3980609.

Gugatschka M, Ohno S, Saxena A, Hirano S. Regenerative medicine of the larynx. Where are we today? A
review. J Voice 2012; 26:670.e677-613.

Hansen JK, Thibeault SL. Current understanding and review of the literature: vocal fold scarring. J Voice
2006; 20:110-120.

Benninger MS, Alessi D, Archer Set al. Vocal fold scarring: current concepts and management. Otolaryngol
Head Neck Surg 1996; 115:474-482.

Hirano S. Current treatment of vocal fold scarring. Curr Opin Otolaryngol Head Neck Surg 2005; 13:143-147.

Hirano S, Minamiguchi S, Yamashita M, Ohno T, Kanemaru S, Kitamura M. Histologic characterization of
human scarred vocal folds. J Voice 2009; 23:399-407.

Thibeault SL, Gray SD, Bless DM, Chan RW, Ford CN. Histologic and rheologic characterization of vocal
fold scarring. J Voice 2002; 16:96-104.

Kruse E. Conservative approaches to the management of voice disorders. GMS current topics in
otorhinolaryngology, head and neck surgery 2005; 4:Doc13.

Merrill RM, Tanner K, Merrill JG, McCord MD, Beardsley MM, Steele BA. Voice symptoms and voice-
related quality of life in college students. Ann Otol Rhinol Laryngol 2013; 122:511-519.

Smith E, Verdolini K, Gray Set al. Effect of voice disorders on quality of life. J Med Speech Lang Pathol,
1996; 4:223.

Nawka T, Hosemann W. Surgical procedures for voice restoration. GMS current topics in

otorhinolaryngology, head and neck surgery 2005; 4:Doc14.

Kutty JK, Webb K. Tissue engineering therapies for the vocal fold lamina propria. Tissue Eng Part B Rev
2009; 15:249-262.

Lakhani R, Fishman JM, Bleach N, Costello D, Birchall M. Alternative injectable materials for vocal fold

medialisation in unilateral vocal fold paralysis. Cochrane database of systematic reviews 2012; 10:CD009239.

12



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bartlett RS, Thibeault SL. Bioengineering the VVocal Fold: A Review of Mesenchymal Stem Cell Applications.

In: George A, ed. Advances in Biomimetics, 2011.

Thibeault SL, Klemuk SA, Chen X, Quinchia Johnson BH. In Vivo engineering of the vocal fold ECM with
injectable HA hydrogels-late effects on tissue repair and biomechanics in a rabbit model. J Voice 2011;
25:249-253.

Hirano S, Bless DM, Rousseau Bet al. Prevention of vocal fold scarring by topical injection of hepatocyte

growth factor in a rabbit model. Laryngoscope 2004; 114:548-556.

Fishman JM, Ansari T, Sibbons P, De Coppi P, Birchall MA. Decellularized rabbit cricoarytenoid dorsalis
muscle for laryngeal regeneration. Ann Otol Rhinol Laryngol 2012; 121:129-138.

Fishman JM, Lowdell MW, Urbani Let al. Immunomodulatory effect of a decellularized skeletal muscle
scaffold in a discordant xenotransplantation model. Proc Natl Acad Sci U S A 2013; 110:14360-14365.

Gilbert TW, Agrawal V, Gilbert MR, Povirk KM, Badylak SF, Rosen CA. Liver-derived extracellular matrix
as a biologic scaffold for acute vocal fold repair in a canine model. Laryngoscope 2009; 119:1856-1863.

Kitamura M, Hirano S, Kanemaru Slet al. Glottic regeneration with a tissue-engineering technique, using
acellular extracellular matrix scaffold in a canine model. Journal of tissue engineering and regenerative
medicine 2014.

Hirano S, Kishimoto Y, Suehiro A, Kanemaru S, Ito J. Regeneration of aged vocal fold: first human case
treated with fibroblast growth factor. Laryngoscope 2008; 118:2254-2259.

Hirano S, Tateya I, Kishimoto Y, Kanemaru S, Ito J. Clinical trial of regeneration of aged vocal folds with
growth factor therapy. Laryngoscope 2012; 122:327-331.

Hirano S, Mizuta M, Kaneko M, Tateya |, Kanemaru S, Ito J. Regenerative phonosurgical treatments for vocal
fold scar and sulcus with basic fibroblast growth factor. Laryngoscope 2013; 123:2749-2755.

Ohno S, Hirano S, Kanemaru Set al. Transforming growth factor beta3 for the prevention of vocal fold

scarring. Laryngoscope 2012; 122:583-589.

Long JL. Tissue engineering for treatment of vocal fold scar. Curr Opin Otolaryngol Head Neck Surg 2010;
18:521-525.

Hirano S. Tissue Engineering for Voice Disorder. Japan Medical Association Journal 2011; 54:254-257.

Yamashita M, Hirano S, Kanemaru S, Tsuji S, Suehiro A, Ito J. Side population cells in the human vocal fold.
Ann Otol Rhinol Laryngol 2007; 116:847-852.

Sato K, Umeno H, Nakashima T. Vocal fold stem cells and their niche in the human vocal fold. Ann Otol
Rhinol Laryngol 2012; 121:798-803.

13



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Kurita T, Sato K, Chitose S, Fukahori M, Sueyoshi S, Umeno H. Origin of VVocal Fold Stellate Cells in the
Human Macula Flava. Ann Otol Rhinol Laryngol 2015; 124:698-705.

Sato K, Kurita T, Chitose S, Umeno H, Nakashima T. Mechanical regulation of human vocal fold stellate cells.
Ann Otol Rhinol Laryngol 2015; 124:49-54.

Gugatschka M, Kojima T, Ohno S, Kanemaru S, Hirano S. Recruitment patterns of side population cells

during wound healing in rat vocal folds. Laryngoscope 2011; 121:1662-1667.

Hanson SE, Kim J, Johnson BHet al. Characterization of mesenchymal stem cells from human vocal fold
fibroblasts. Laryngoscope 2010; 120:546-551.

Jette ME, Hayer SD, Thibeault SL. Characterization of human vocal fold fibroblasts derived from chronic scar.
Laryngoscope 2013; 123:738-745.

Gaston J, Quinchia Rios B, Bartlett R, Berchtold C, Thibeault SL. The response of vocal fold fibroblasts and

mesenchymal stromal cells to vibration. PloS one 2012; 7:630965.

Kutty JK, Webb K. Vibration stimulates vocal mucosa-like matrix expression by hydrogel-encapsulated

fibroblasts. Journal of tissue engineering and regenerative medicine 2010; 4:62-72.

Tong Z, Zerdoum AB, Duncan RL, Jia X. Dynamic vibration cooperates with connective tissue growth factor
to modulate stem cell behaviors. Tissue Eng Part A 2014; 20:1922-1934.

Zerdoum AB, Tong Z, Bachman B, Jia X. Construction and characterization of a novel vocal fold bioreactor.

Journal of visualized experiments : JOVE 2014:e51594.

Titze IR, Hitchcock RW, Broadhead Ket al. Design and validation of a bioreactor for engineering vocal fold

tissues under combined tensile and vibrational stresses. J Biomech 2004; 37:1521-1529.

Peng H, Ming L, Yang Ret al. The use of laryngeal mucosa mesenchymal stem cells for the repair the vocal
fold injury. Biomaterials 2013; 34:9026-9035.

Chhetri DK, Head C, Revazova E, Hart S, Bhuta S, Berke GS. Lamina propria replacement therapy with
cultured autologous fibroblasts for vocal fold scars. Otolaryngol Head Neck Surg 2004; 131:864-870.

Thibeault SL, Klemuk SA, Smith ME, Leugers C, Prestwich G. In vivo comparison of biomimetic approaches
for tissue regeneration of the scarred vocal fold. Tissue Eng Part A 2009; 15:1481-1487.

Ohno S, Hirano S, Kanemaru Set al. Role of circulating MSCs in vocal fold wound healing. Laryngoscope
2012; 122:2503-2510.

Kanemaru S, Nakamura T, Omori Ket al. Regeneration of the vocal fold using autologous mesenchymal stem
cells. Ann Otol Rhinol Laryngol 2003; 112:915-920.

14



45,

46.

47,

48.

49,

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

Kanemaru S, Nakamura T, Yamashita Met al. Destiny of autologous bone marrow-derived stromal cells
implanted in the vocal fold. Ann Otol Rhinol Laryngol 2005; 114:907-912.

Kim YM, Yi T, Choi JSet al. Bone marrow-derived clonal mesenchymal stem cells as a source of cell therapy

for promoting vocal fold wound healing. Ann Otol Rhinol Laryngol 2013; 122:121-130.

Johnson BQ, Fox R, Chen X, Thibeault S. Tissue regeneration of the vocal fold using bone marrow

mesenchymal stem cells and synthetic extracellular matrix injections in rats. Laryngoscope 2010; 120:537-545.

Svensson B, Nagubothu RS, Cedervall Jet al. Injection of human mesenchymal stem cells improves healing of

scarred vocal folds: analysis using a xenograft model. Laryngoscope 2010; 120:1370-1375.

Svensson B, Nagubothu SR, Cedervall Jet al. Injection of human mesenchymal stem cells improves healing of

vocal folds after scar excision--a xenograft analysis. Laryngoscope 2011; 121:2185-2190.

Hertegard S, Cedervall J, Svensson Bet al. Viscoelastic and histologic properties in scarred rabbit vocal folds

after mesenchymal stem cell injection. Laryngoscope 2006; 116:1248-1254.

Hong SJ, Lee SH, Jin SMet al. Vocal fold wound healing after injection of human adipose-derived stem cells
in a rabbit model. Acta Otolaryngol 2011; 131:1198-1204.

Long JL, Zuk P, Berke GS, Chhetri DK. Epithelial differentiation of adipose-derived stem cells for laryngeal
tissue engineering. Laryngoscope 2010; 120:125-131.

Kumai Y, Kobler JB, Herrera VL, Zeitels SM. Perspectives on adipose-derived stem/stromal cells as potential
treatment for scarred vocal folds: opportunity and challenges. Current stem cell research & therapy 2010;
5:175-181.

Hiwatashi N, Hirano S, Mizuta Met al. Adipose-derived stem cells versus bone marrow-derived stem cells for

vocal fold regeneration. Laryngoscope 2014; 124:E461-469.

Bianchi F, Maioli M, Leonardi Eet al. A new nonenzymatic method and device to obtain a fat tissue derivative
highly enriched in pericyte-like elements by mild mechanical forces from human lipoaspirates. Cell Transplant
2013; 22:2063-2077.

Kim YM, Oh SH, Choi JSet al. Adipose-derived stem cell-containing hyaluronic acid/alginate hydrogel
improves vocal fold wound healing. Laryngoscope 2014; 124:E64-72.

Cedervall J, Ahrlund-Richter L, Svensson Bet al. Injection of embryonic stem cells into scarred rabbit vocal

folds enhances healing and improves viscoelasticity: short-term results. Laryngoscope 2007; 117:2075-2081.

Halum SL, Naidu M, Delo DM, Atala A, Hingtgen CM. Injection of autologous muscle stem cells (myoblasts)
for the treatment of vocal fold paralysis: a pilot study. Laryngoscope 2007; 117:917-922.

Halum SL, Hiatt KK, Naidu M, Sufyan AS, Clapp DW. Optimization of autologous muscle stem cell survival
in the denervated hemilarynx. Laryngoscope 2008; 118:1308-1312.

15



60.

61.

62.

63.

64.

Halum SL, McRae B, Bijangi-Vishehsaraei K, Hiatt K. Neurotrophic factor-secreting autologous muscle stem

cell therapy for the treatment of laryngeal denervation injury. Laryngoscope 2012; 122:2482-2496.

Kanemaru S, Kitani Y, Ohno Set al. Functional regeneration of laryngeal muscle using bone marrow-derived
stromal cells. Laryngoscope 2013; 123:2728-2734.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006; 126:663-676.

Imaizumi M, Sato Y, Yang DT, Thibeault SL. In vitro epithelial differentiation of human induced pluripotent
stem cells for vocal fold tissue engineering. Ann Otol Rhinol Laryngol 2013; 122:737-747.

Bredenkamp N, Ulyanchenko S, O'Neill KE, Manley NR, Vaidya HJ, Blackburn CC. An organized and
functional thymus generated from FOXN1-reprogrammed fibroblasts. Nature cell biology 2014; 16:902-908.

16



	Stem cell approaches for vocal fold regeneration
	Fishman JM, BM BCh, MRCS, DOHNS, MA, PhD1ǂ; Long J, MB BS, MRCS, DOHNS2ǂ; 
	Gugatschka M, MD, PhD3; De Coppi P, MD PhD4; Hirano S, MD PhD5; Hertegard S, MD PhD6; 
	Thibeault SL, PhD CCC-SLP7; Birchall MA, FRCS, MD, FMedSci8
	1 Corresponding author, Dr Jonathan M Fishman, Clinical Lecturer, UCL Institute of Child Health, 30 Guilford Street, London WC1N 1EH, United Kingdom. Tel: +447989331573 Tel: 020 7905 2641(Administrator) Fax: 020 7404 6181 Email: j.fishman@ucl.ac.uk  (corresponding author)
	2 UCL Institute of Child Health, 30 Guilford Street, London WC1N 1EH, United Kingdom. Tel: 020 7905 2641(Administrator) Fax: 020 7404 6181 Email: drjennylong@gmail.com 
	3 Associate Professor of Phoniatrics and Regenerative Medicine, Department of Phoniatrics, ENT University Hospital Graz, Medical University Graz, Graz, Austria. Tel: +43 (0) 316 385 17980 Email: markus.gugatschka@klinikum-graz.at 
	4 Professor of Paediatric Surgery and Tissue Engineering, UCL Institute of Child Health, 30 Guilford Street, London WC1N 1EH, United Kingdom. Tel: 020 7905 2641(Administrator) Fax: 020 7404 6181 Email: paolo.decoppi@gosh.nhs.uk 
	5 Professor of Laryngology and Regenerative Medicine ,Department of Otolaryngology-Head and Neck Surgery, Graduate School of Medicine, Kyoto University, Kyoto, Japan. Tel: 075-751-3346 Fax: 075-751-7225 Email: hirano@ent.kuhp.kyoto-u.ac.jp  
	6 Professor of Laryngology and Tissue Engineering, Department of Otorhinolaryngology, Karolinska Institutet Clintec, Karolinska University Hospital Huddinge, Stockholm, Sweden. Tel: +46-8-524 800 00 Fax: +46-8-31 11 01 Email: stellan.hertegard@ki.se 
	7 Professor and Director of Voice and Swallowing, Division of Otolaryngology-Head and Neck Surgery, Department of Surgery, University of Wisconsin-Madison, Wisconsin Institutes of Medical Research, Madison, Wisconsin, USA. Tel: (608)-263-0121 Email: thibeault@surgery.wisc.edu 
	8 Professor of Laryngology and Tissue Engineering, UCL Ear Institute & Royal National Throat, Nose and Ear Hospital, 330 Grays Inn Road, London, WC1X 8DA, United Kingdom. Tel: +44 (0) 203 456 5008 Fax: 020 7404 6181 Email: m.birchall@ucl.ac.uk 
	Short running title: Stem Cell Approaches Vocal Regen
	ǂ The above authors contributed equally to this review.
	No financial disclosures or conflicts of interest to declare. 
	1 Abstract
	Objectives:
	Current interventions in the management of vocal fold (VF) dysfunction focus on conservative and surgical approaches. However, the complex structure and precise biomechanical properties of the human VF mean that these strategies have their limitations in clinical practice, and in some cases offer inadequate levels of success. Regenerative medicine is an exciting development in this field and has the potential to further enhance VF recovery beyond conventional treatments. 
	Our aim in this review is to discuss advances in the field of regenerative medicine; that is, advances in the process of replacing, engineering or regenerating the VF through the utilization of stem cells, with the intention of restoring normal VF structure and function. 
	Data sources: English literature (1946-2015) review.
	Review Methods: We conducted a systematic review of MEDLINE for cases and studies of VF tissue engineering utilizing stem cells.
	Results and conclusions:
	The three main approaches by which regenerative medicine is currently applied to VF regeneration include cell therapy, scaffold development and the utilization of growth factors. Exciting advances have been made in stem cell biology in recent years including use of induced pluripotent stem cells. We expect such advances to be translated into the field in the forthcoming years. 
	Keywords: regenerative medicine; stem cells; vocal cords; tissue engineering
	2 Introduction
	2.1 Unmet clinical need for VF restoration

	Regenerative medicine deals with the process of replacing, engineering or regenerating human tissues with the aim of establishing normal function. Research in this field has been ongoing and successful in many different fields; it is felt that this is now the most promising approach in the treatment, or replacement, of failing tissues and organs1,2. 
	Developments in the studies of VF reconstruction are gaining momentum and significantly improving our understanding of the microstructure and physiology of the VF3. This review will focus on the current regenerative medicine approaches used in VF reconstruction. We aim to discuss the therapies in use and under development, and summarize the ways in which the function of the VF is being most successfully restored. 
	Loss of the laryngeal function resulting from VF dysfunction can occur secondary to a number of causes, most notably traumatic, neurological and neoplastic4. VF scarring is the commonest cause of poor voice following VF injury, and can be identified by the fibrotic conversion of the native extracellular matrix (ECM)5. Scar tissue in the superficial lamina propria (SLP) changes the tissue biomechanics of the VF as a result of increased stiffness and reduced viscosity6, and results in a disruption of the normal mucosal wave during phonation leading to altered voice quality4,7,8.
	The negative effects, in terms of social interaction and performance at work of VF dysfunction, are frequently overlooked9. Voice disorders significantly affect psychosocial and physical functioning10. As many as 76% of patients with voice disorders are concerned about their place of employment and potential for promotion, compared to 19% of controls11. The management of disorders of the VFs therefore carries with it high expectations, along with associated social and professional demands12.
	Although surgical procedures are capable of repairing the current injury, they are unable to restore a native ECM composition with the necessary biomechanical properties to ensure good voice and protection against future stimuli (e.g. voice misuse and chemical irritants)13. Furthermore, in the management of glottic insufficiency, although VF augmentation has become popular, at present, there is no ‘ideal’ injectable material14. To restore normal VF function, the innate biomechanical properties must be restored to mimic the viscoelasticity of healthy VF tissue (Figure 1). The vocal mucosa, consisting of epithelium and SLP, is the most common site for injury and scarring (Table 1). As such, it is the target for the majority of bioengineered constructs of the larynx15.  
	Figure 1
	Schematic diagram illustrating the various layers that comprise the vocal cord tissue microarchitecture.
	Table 1
	Different layers comprising vocal cord microstructure.
	3 Regenerative medicine approaches
	3.1 Stem cell therapy
	3.1.1 Stimulating endogenous stem cell populations within the VFs
	3.1.2 Application of exogenous stem cells


	The anatomy of the VF, with its complex multilayer structure (Figure 1), makes complete restoration of the scarred or atrophied VF challenging. Currently there is no substitute for replacing diseased VFs. The principal aim of regenerative medicine is to restore the biochemical properties of the native tissue, so that the extracellular matrix can be rebuilt, and the vibratory behavior and phonatory capability of the VFs restored. 
	In the management of VF scarring, therapeutic options fall within one of two main principles. The first approach is to modify the wound healing process and overcome scar tissue formation. Studies have shown that injection of various materials into the injured VF have the ability to alter the post-injury inflammatory response and modify scar formation16. Questions still exist however as to the optimum type and timing of injection material17. The second approach is to provide the materials for re-building the VF once injury has already occurred. These rely on new tissue growth as opposed to modification of the inflammatory environment. Both of these approaches will be discussed later in further detail. 
	Regeneration of VFs requires three important elements: 
	 Cell therapy 
	 Development and implementation of a scaffold18-21
	 Use of growth factors22-25
	In reality, these approaches are rarely mutually exclusive with considerable overlap between them26. The combination of all three approaches is known as ‘tissue engineering’27. For the purposes of this review only the use of stem cells as applied to VF tissue engineering will be discussed since scaffolds and bioactive factors have been the subject of reviews elsewhere1. The variety of materials available for use in VF regeneration is testament to the fact that the ‘ideal’ approach and material has yet to be found. 
	The concept underlying cell therapy is that scarred, or atrophied, VFs will regenerate and rebuild the layers of the VF, given the correct trigger to do so. The range of cells used in cell therapy for SLP defects to date includes autologous and non-autologous mesenchymal stem cells (MSCs), fibroblasts, myoblasts, adipose-derived stem cells (ASCs), human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) (Table 2). There are two different approaches for stem cell therapy; either stimulation of endogenous stem cell populations within the VFs, or application of exogenous stem cells. These two different approaches will be discussed in the following sections.
	Table 2
	Potential cells sources for vocal fold regeneration.
	Side population (SP) cells, defined as cells that have the ability to exclude the DNA binding dye Hoechst 33342 and that contain high numbers of stem cells, have been used in the management of injured VFs28. An early study, designed to investigate whether SP cells exist in the human VF, found that they account for 0.2% of the total number of cells28. There is growing evidence that VF stellate cells found within the maculae flavae region of the VFs may include resident MSCs; the macula flavae may therefore act as a stem cell niche promoting a favorable microenvironment thereby nurturing this resident pool of stem cells29-31.
	In an attempt to investigate recruitment patterns of SP cells in the healing rat VF, unilateral VF scarring was performed in rats and immunohistochemical analysis performed 1-35 days following injury32. Within scarred VFs, there was a peak in the number of SP cells after 7-days, with a return to normal pre-injury levels at 14-days. The results suggested that SP cells may play a critical role in early VF wound healing, and might therefore have therapeutic potential in the future. 
	Further studies have investigated human VF fibroblasts33. This work showed, for the first time, that these cells satisfied the definition of MSCs by possessing the appropriate cell surface markers and differentiation potential. The similarity between ASCs, bone marrow-derived MSCs and VF fibroblasts, indicates that they could all be useful in future therapies for VF repair and regeneration. However, thus far, no definitive VF stem cell has been identified that satisfies the definition of true stemness, i.e.  self-renewal and multi-lineage differentiation. In addition, studies that focus on cell surface markers do not provide definitive evidence of VF stem cell populations as we currently do not know the exact surface markers of VF stem cells. In addition, even if cells express some markers known to other stem cells (such as MSCs) this does not equate to them being the same cell type.
	A recent study investigated the profile of human VF fibroblasts harvested from scarred VF tissue compared to normal VF tissue34. The phenotypic, genotypic and protein expression properties of the VFs were examined and compared. Whilst only comparing fibroblasts from two subjects, this study provided data suggesting that fibroblasts from scarred human VFs grow significantly slower than normal VFs, but display similar morphological and contractile properties. 
	It is also increasingly recognized that the VF microenvironment itself is highly adapted to meet the everyday requirements of phonation. In particular, the effect of vibration has been studied to investigate whether fibroblasts and stellate cells have the ability to remodel in response to mechanical stimulation such as that experienced in the human VF31,35-37. This concept is being harnessed in vitro, in devices known as bioreactors38,39. 
	Laryngeal mucosa mesenchymal stem cells (LM-MSCs) that are capable of differentiating into myofibroblasts or fibroblasts have been investigated to establish whether they could be used to improve the microenvironment in VF injury40. LM-MSCs from the canine epiglottis were characterized and subsequently implanted into injured canine VFs. LM-MSCs+collagen were injected intracordally and collagen alone was injected into the contralateral VF thereby serving as a control. Donor stem cell survival was demonstrated up to 8-weeks in vivo and cells were shown to differentiate into both fibroblasts and myofibroblasts40. The ability of the cells, once implanted into the VF, to regulate ECM, block collagen and decrease the inflammatory microenvironment, was proposed as an exciting technique that may be used to prevent VF scar formation. Such techniques may also be harnessed in the prevention and treatment of sulci.
	Various cell types fall into this category including human VF fibroblasts, MSCs, ASCs, hESCs, myoblasts and iPSCs.
	VF fibroblasts produce a large proportion of the ECM and are therefore essential in supporting the SLP throughout health and disease. They have therefore been the focus of many studies in an attempt to improve healing of the injured VF. Autologous fibroblasts gained from oral mucosa were first injected into the VFs of the canine model following full-thickness LP injury41. Videolaryngostroboscopy was used to assess VF function; performance was significantly worse at 8-weeks post-injury, but returned to near normal at 29-weeks. Histological analysis compared the injured to the uninjured VFs; an increased density of fibroblasts, collagen and reticulin were shown, with decreased levels of elastin. 
	More recent studies comparing three biomimetic approaches on tissue regeneration and viscoelastic properties used 20 rabbit VFs and, unlike previous studies, introduced treatment at two-months post-injury42. VFs were unilaterally injected with autologous fibroblasts, a semi-synthetic ECM (sECM), or autologous fibroblasts encapsulated in an sECM. The contralateral fold was injected with a saline control. All treatment groups demonstrated accelerated proliferation of the ECM, although the treatment group with autologous fibroblasts gave the best biomechanical outcomes. The use of fibroblasts embedded in sECM did not yield statistically significantly results; however, it gave better biomechanical results than the sECM-treated VF. 
	Unfortunately autologous VF fibroblasts, as were used in this study, remain difficult to isolate. In addition, the use of allogenic donor VF fibroblasts comes with the risk of immune rejection. Studies using more accessible fibroblasts, from the gingiva or dermis, are warranted26. 
	MSCs are multipotent stromal cells characterized by specific cell surface markers and the potential to differentiate along multiple mesenchymal tissue lineages33. They circulate in the peripheral blood and have been shown to migrate to areas of injury, whereby they assist in tissue regeneration43. A prospective study using labeled MSCs (with Green Fluorescent Protein) was performed to better understand the activity of MSCs and their role in VF wound healing43. The results showed that circulating MSCs migrate to the site of VF injury and induce an increased expression of hepatocyte growth factor (HGF); that is, they play a significant role in wound healing. 
	In vivo trials using bone marrow-derived MSCs have demonstrated some success. Cultured autologous bone marrow-derived MSCs were injected into the VFs of eight dogs, prior to injury. Results demonstrated improved VF regeneration and a reduction in scar tissue formation compared to saline control44. A follow-up study by the same authors determined the cell fate of the implanted MSCs, and found them to be alive, demonstrating positive expression for keratin and desmin, thereby demonstrating that they are capable of differentiating into more than one tissue type in vivo45.  Kim et al46 investigated whether mouse bone marrow-derived clonal MSCs could promote VF wound healing in the rabbit model, if injected immediately following direct mechanical injury. The treatment group showed improved morphological properties and viscoelasticity compared to the control group. Johnson et al studied the effectiveness of bone marrow-derived MSCs, either injected alone or within a synthetic ECM, on SLP regeneration47. The results demonstrated superiority of combination therapy to the use of bone marrow MSCs alone, since it promoted ECM deposition and growth factor production. Finally, human MSCs injected into both scarred rabbit VFs and VFs following scar excision resulted in enhanced healing and restoration of viscoelastic function48-50. Results demonstrated improved viscoelastic properties of the VF, with fewer signs of scarring compared to untreated VFs. The MSCs persisted for 4-weeks; a further study showed no MSCs were evident 3-months following injection. Currently, there is an ongoing clinical trial at Karolinska investigating the effects of autologous bone marrow-derived MSCs, with or without a hyaluronan gel, in patients with VF scarring. The effects on voice quality and voice function are being studied. The results will provide important information concerning the clinical effectiveness of MSCs in the management of VF scars. 
	ASC transplantation into localized lesions of the VF mucosa have shown promising results51,52. In vitro studies have demonstrated the secretion of several growth factors from ASCs that balance collagen and hyaluronic acid (HA) levels in the ECM44,53. More recently, prospective animal studies have been carried out comparing the therapeutic potential of ASCs versus MSCs when locally injected into injured rat VFs54. Histological and immunohistochemical results showed that VFs treated with either ASCs or MSCs had comparable regenerative outcomes. However it was concluded that since ASC infiltration resulted in a significant increase in HA, an improved anti-fibrotic effect and a more pronounced upregulation of HGF, ASCs might be superior. One such system for harvesting ASCs is the Lipogems device55. Direct studies comparing the Lipogems™ device (or similar systems that retain high yields of MSCs and ASCs) to conventional fat injection techniques for VF medialization are required.
	ASCs embedded within HA/alginate hydrogels and injected into VFs immediately following injury revealed that ASCs injected within a hydrogel carrier produced more favorable changes than injection of ASCs alone56.  In particular, it prevented excess deposition of type I collagen, increased HGF activity and improved VF viscoelastic properties. In conclusion, the hydrogel prolonged the retention time of the ASCs and promoted better VF wound healing. 
	Alternative paradigms have examined the role of hESCs in the prevention of VF scarring. One such study injected hESCs into 22 scarred rabbit VFs57. Results revealed significantly improved VF viscoelasticity compared to non-treated VFs. In addition, hESCderived cells were identified within regenerating tissue and in close proximity to, or intermixed with, native tissue. These findings provide some evidence that hESCs are capable of regenerating VF tissue. 
	Whereas treatments discussed so far have focused on restoring the anatomical structure of VF SLP, myoblasts have the potential to restore dynamic function. Thus, autologous myoblasts have been injected into denervated rat thyroarytenoid muscles58. At two-months there was evidence of fusion of myoblasts with thyroarytenoid myofibers and in two specimens adductor motion was seen. The same group subsequently injected myoblasts into the denervated larynx of 20 rats, using one of four adjuvant therapies59. Analysis performed one-month later showed extensive stem cell survival, with fusion of cells with denervated myofibers. A further study by the same group investigated whether neurotrophic-factor secreting myoblasts could be used to selectively direct and promote re-innervation of certain laryngeal muscles following recurrent laryngeal nerve injury60. Results showed that ciliary neurotrophic factor strongly promoted myoblast survival and reinnervation of the denervated thyroarytenoid myofibers. Such a technique may further improve the microenvironment and help direct reinnervation. Recent studies have also demonstrated that bone marrow-derived MSCs can lead to the regeneration of functional laryngeal muscle leading to enhanced functional recovery of VF motion61.
	Finally, iPSCs, discovered in 200662, are gradually permeating into the field of VF regeneration63. iPS cells were shown capable of differentiating into non-keratinizing stratified squamous epithelial cells that may be utilized in future for VF tissue engineering63. The advantages of iPS are the large numbers of cells that may be generated from this technique. Direct reprogramming approaches may also have a role in the future64.
	4 Conclusions
	This aim of this article was to discuss the approaches for VF reconstruction using regenerative medicine techniques. The wide variety of approaches described here is testament to the fact that this is still a very active area of research, and one that is rapidly expanding. 
	Numerous pre-clinical animal studies have shown promising results. However, the majority have been performed on the acutely injured VF. Treatment of established VF scarring is a different entity to preventing scar formation and further work should reflect this. In addition to this, there needs to be clinical translation to patients, with significant numbers and controls in order to gain reliable results. The structure of the human SLP is unique to humans, and clinical trials are therefore required in order to ascertain the efficacy of various interventions. Tissue biomechanics is the most meaningful outcome in the assessment of VF function in such trials, since this viscoelasticity will affect voice quality and patient outcome.
	Research is ongoing in this field, and the development of new models and techniques in the management of VF reconstruction will continue to excite and aid progress in this field. 
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